Clinical photodynamic therapy (PDT) has existed for over 30 years, and its scientific basis has been known and investigated for well over 100 years. The scientific foundation of PDT is solid and its application to cancer treatment for many common neoplastic lesions has been the subject of a huge number of clinical trials and observational studies. Yet its acceptance by many clinicians has suffered from its absence from the undergraduate and/or postgraduate education curricula of surgeons, physicians, and oncologists. Surgeons in a variety of specialties many with years of experience who are familiar with PDT bear witness in many thousands of publications to its safety and efficacy as well as to the unique role that it can play in the treatment of cancer with its targeting precision, its lack of collateral damage to healthy structures surrounding the treated lesions, and its usage within minimal access therapy. PDT is closely related to the fluorescence phenomenon used in photodiagnosis. This review aspires both to inform and to present the clinical aspect of PDT as seen by a surgeon. THIEME Review Article e1 Fig. 1 Diagram and bronchoscopic view of autofluorescence bronchoscopy, using blue light region (440 nm). Normal bronchial mucosa (left). Bronchial mucosa involved by carcinoma in situ (right).
At the dawn of the 20th century, Oscar Raab studied the effects of acridine on paramecia cultures in Munich's Laboratories of Von Tappeiner, noting that in the dark acridine had no harmful effect on the growth of this protozoan microorganism, but once exposed to the light, it became lethal to paramecium. 1 A more detailed study of the mechanisms involved indicated the killing process depended on oxygen in addition to light. The process was named Photodynamische Wirkung. [2] [3] [4] This work has been variably translated in English as photodynamic effect, photodynamic phenomenon, and photodynamic reaction (PDR). It was, in fact, a complex cell-killing phenomenon resulting from the interaction of a chemical compound, a photosensitizer (PS), light, and oxygen. The discovery of Photodynamische Wirkung led von Tappeiner and colleagues to set up a clinical experiment in six patients with skin cancer and thus moved from laboratory level of Photodynamische Wirkung to the Photodynamische Therapie, or photodynamic therapy (PDT). In this article, the term photodynamic reaction is used to mean the events that lead to the killing of cells in vitro and within a laboratory setting resulting from the interaction of the PS with light in the presence of oxygen. In contrast, the term photodynamic therapy is reserved to mean the combination of PS, light, and oxygen in an in vivo clinical environment. There are associated events modulating the PDR and adding to the complexity of the process to achieve the therapeutic objectives of destruction of unwanted diseased tissue such as cancer. PDT is principally a local treatment dependent on the localization of a chemical agent (the drug) in diseased cells, presensitizing them to a specific light wavelength. The extent of injury and cell death is determined by the dimensions of the presensitized tissue and the physical characteristic of the light.
Many early researchers were aware of the fact that the interaction between light and PSs within the cells not only produced PDR but also led to another related process, namely fluorescence emission. It was also clear that in an in vivo situation the relative simplicity of the laboratory trio of PS, light, and oxygen interactions become an "opera" of gigantic magnitude with the involvement of several interrelated phenomena. PDR and fluorescence emission are in reality two facets of the same process of light-tissue interaction. The manner in which light interacts with a specific type of tissue is dictated by wavelength-dependent absorption and scattering properties. In the ultraviolet and visible spectrum, tissue optical properties are dominated by endogenous chromophores, which differ in normal and abnormal tissues of the same type. The principal chromophore in human tissues is hemoglobin, which has strong absorption at wavelengths shorter than 600 nm. Other components not only absorb light over specific bands between 250 and 500 nm but also display characteristic fluorescent emission over the range of 300 to 700 nm. Fluorescent emission is the absorption of an incident light at one wavelength followed by emission of a light at a different (usually higher) wavelength, which ceases almost immediately when the incident radiation stops.
Some tissues exhibit a characteristic fluorescent emission band that is altered when a disease process such as cancer occurs, changing their molecular structures and thus their chromophore components. By using an appropriate wavelength of light, usually within the blue region, one can display the differential fluorescence images, which is the basis of autofluorescence photodiagnosis (PD) (►Fig. 1). 5, 6 Although PD does not equate to the diagnosis of a specific disease, it is nevertheless an indication of local changes, highlighting the best biopsy location to provide histologic diagnosis. The phenomenon of fluorescence can also be enhanced by using an exogenous fluorophore such as a PS. Such an enhanced PD is useful particularly to surgeons to indicate residual neoplastic infiltration, which may exist at the margin of resection. It may even guide the surgeon in some areas, such as brain surgery, in removal of tumor residue invisible to the naked eye or to microscopic operative devices. 7 In the first half of the 20th century and until 1978, clinical PDT was performed in a few institutions within an experimental setting, building up the parameters for a given therapy. 8, 9 The initial series of clinical trials was performed by Dougherty and colleagues after synthesis of a porphyrinbased PS hematoporphyrin derivative (HPD). 10 The trial involved 111 patients with different types of cancers. The immediate results impressively showed that every patient responded to treatment. After this initial success, the problem was to synthesize more PSs, to determine light dose for specific lesions, and to devise methods of illumination of tumors situated within the body rather than on its surface.
The modern era of clinical PDT began in earnest in the early 1980s with the availability of a more refined formulation of HPD, Photofrin. Also, new second-generation drugs and prodrugs were synthetized. [11] [12] [13] Within the next 15 to 20 years, the number of PSs grew, many of which did not leave the laboratory shelves and never ever saw the light of clinical practice. Although efforts continued to synthesize better PSs, there was also development in matching light sources and lasers. 14
Mechanisms of Photodynamic Therapy
The groundbreaking work in PDR and PDT by Munich's scientists over a century ago was followed by intense research by many scientists and laboratories throughout the world to unravel the intricacies of the interaction between the three components of PDT that culminate in the death of the cells under attack. [15] [16] [17] It was clear from the beginnings of PDT that, in complex biological systems such as mammalians and the human body where there are many different cells, tissues, and organs, there is a functional as well as structural interdependence between various groups of tissues that make up different organs. Therefore, PDT though a local phenomenon would affect other parts of the body away from the site of treatment through activation of mechanisms related to general response to injury and via stimulation of the immune system. 17,18 PDT in a human subject will inevitably involve different sets of phenomena than those in a controlled laboratory environment often concerned with one cell. PDT response in the clinical situation involves several separate and yet related events that can be described under three headings:
1. Direct local injury to the target tissues by the cytotoxic agents released through the PS-light-oxygen interaction, essentially but not entirely related to reactive oxygen species leading to necrosis or accelerated apoptosis 2. PDT damage to vasculature that further enhances necrosis of the targeted lesion by deprivation of oxygen and essential molecules 18,19 3. PDT stimulation of inflammatory and immune responses that assist the body toward the destruction of unwanted tissues locally as well as altering the immunologic competence more generally [16] [17] [18] [19] Clinical Photodynamic Therapy Components and Devices
Clinical PDT harnesses the three ingredients of PDR and focuses them to a target area, destroying the cells and tissues that make up a lesion. The three components of clinical PDT are basically those used in a laboratory and experimental setting with several provisos and modifications to suit the human clinical situation: the PS, an appropriate light, and oxygen.
The Photosensitizer
The PS is a chemical compound that can localize in the abnormal cells, such as cancer. For human usage, a PS has to comply with the requirements of safety and the licensing authorities. ►Table 1 shows the family of PSs available for clinical practice, which is not a complete, universally agreed upon, or accepted list of PSs, but comprises those used in many countries. Provision of chemical structure and characteristics of PSs is not within the scope of this article. These are described in most textbooks on PDT and reviews. 20,21 Nevertheless, it is relevant to point out that PSs may be classified into two groups: systemic PS and topical PS.
Topical and systemic PDTs and their respective PSs are variations of the same process and their mechanisms follow similar patterns. However, they have different indications and different applications and often use different light sources. Furthermore, the two groups are endowed with their respective advantages and disadvantages.
Systemic Photodynamic Therapy and Photosensitizers
As a general rule, systemic PDT (exemplified by Photofrin PDT, ►Table 1) uses intravenous (IV) route of administration of the PSs. These directly enter the circulatory system and reach the target tissue through the bloodstream. Systemic photosensitization by routes other than IV has remained within the domain of experimentation and is not routinely used by PDT clinicians. Systemic photosensitization/PDT ensures wide distribution of the PS, albeit with a higher concentration in neoplastic tissues than normal. It also allows multiple-site illumination, multiple-site PDT, and at-depth illumination, either using an appropriate wavelength of light with deeper penetration or by applying interstitial illumination (light exposure, ►Fig. 2). PDT can be performed intraoperatively in conjunction with standard or minimal access surgery.
The main disadvantage is the potential prolonged skin photosensitivity of up to 8 to 10 weeks for some PSs of the porphyrin family, thus potentially adversely affecting the quality of life of the patient.
Topical Photodynamic Therapy
Topical PDT includes use of the prodrug 5-aminolevulinic acid (ALA) or its variants (see ►Table 1), which, after administration, is converted to protoporphyrin IX, the actual PS. By using ALA PDT topically, the PS protoporphyrin IX is synthesized locally and does not enter into the bloodstream. This ap-proach, however, only reaches tissues within the depth of $1 mm from the point of administration. Because topical ALA uptake is so limited, irrespective of the type of light used, photodynamic injury and effects are limited in extent and depth. It also follows that photodynamic skin reaction is limited to the area of treated area.
Appropriate Light
An appropriate light has a wavelength that matches the characteristics of the PS and is therefore capable of its excitation (activation), which in many instances will have to be a laser capable of generating light of a specific wavelength and emitting variable power to match the requirements of tissues of different optical characteristics. Alternatively, LED may be used for superficial lesions. The currently available PSs used in clinical PDT practice are activated by light within the wavelengths of the visible electromagnetic spectrum, 400 to 700 nm. ►Table 2 shows the wavelength ranges and the corresponding colors from violet to red as well as the light penetration through the skin in function of wavelength and color. The depth of light transmission in a given tissue or organ is an important aspect of the clinical PDT procedure. This aspect is particularly relevant in the case of organs endowed with a rich vasculature, such as an artery, during the course of illumination in PDT, which could lead to an uncontrollable fatal hemorrhage. Determination of light penetration in a given tissue or organ in clinical PDT practice is based on the ex vivo mathematical calculation of parameters involved in optophysics of light-tissue interaction and in vivo studies of animals and humans. 22,23 However, in the final analysis the appropriate measurement in clinical cases and experience of clinicians need to be considered. The general principles that govern the depth or the radius of light transmission in a given organ depend on light factors and tissue factors. As a general rule, the longer the wavelength, the deeper/or wider the light will be transmitted. The higher the power and power density (fluence) settings, the deeper the transmission.
Tissue factors relate to the optical properties of tissues exposed to the light. In humans, the optical properties of an organ result from a mix of heterogeneously structured component tissues, which are a complex summation of ratio of absorption and the scattering of each participating tissue. The relative penetration in skin of different wavelengths of visible light can be seen in ►Table 2. It is nevertheless important to realize that the reported penetration in the skin does not hold true for other tissues or organs whose complex optical properties are not similar to those of the skin. For instance, in the case of bronchial mucosal wall and pulmonary tissues, the red light (630 nm) penetrates up to 10 mm. In practice, the PDT team should include a clinical physicist or a clinician knowledgeable in optical physics.
From a clinical point of view, the laser device requires a connection for delivery of optical fibers for light emission. The fibers should be of suitable diameter to be accommodated within the delivery channels of endoscopic equipment or surgical instrumentation used in various procedures.
Oxygen
The third component, oxygen, is available in all living tissues.
Clinical Photodynamic Therapy in Practice
Clinical PDT is performed as a two-step procedure:
1. Presensitization. The PS is administered systemically (intravenously/orally) or topically. The aim is for the PS to "localize" in the target lesion at a higher concentration than in normal tissue. 2. Illumination. The light is directed to the presensitized tissue/lesion area. In many instances, the light is transmitted via an optical fiber ending in a cylindrical or bulb diffuser, which emits light around its circumference. Al-ternatively, the fiber ends in a microlens, which provides forward emission of light.
Dosimetry of light constitutes an important issue that needs to be mastered by the clinician or clinical (medical) physicist. Between the presensitization and illumination steps, there needs to be a latent period to allow distribution and localization to take place of the PS within the cells/tissues of the lesion.
The Potentials of Photodynamic Therapy in Clinical Practice
PDT uses minimally invasive techniques and, due to its dependence on PS and matching light, its direct effect is limited to the area of presensitized tissue that is exposed to the appropriate matching light. In this respect, PDT differs from all other local cancer therapy methods because it has a double targeting mechanism. The first is the operator directing the light to the target. The second is the ability of the light with its specific wavelength that matches the absorption characteristics of the PS to "lock" into the presensitized tissues of the target. Therefore, PDT affects the target tissue more precisely with little or no collateral damage to the normal tissue outside the range of the light transmission within illuminated areas. It is repeatable; there is no evidence of development of resistance in target lesions.
PDT can be used within a multidisciplinary setting. It may be incorporated within a combination therapy schedule to be used with or after chemoradiation and surgery. In certain cases, it may be used as a neoadjuvant therapy to downstage the cancer before surgical operation. It may be used in the early stage of several neoplasms with a curative intent. PDT can be used in locally advanced stages of many cancers to achieve palliation of symptoms.
Clinical Indications of Photodynamic Therapy
For descriptive purposes, the many indications of PDT in clinical practice may be grouped under (1) oncological indications, relating to the destruction of cancer tissues, which is currently the principal indication of PDT, and (2) nononcological indications.
Photodynamic Therapy in Oncology: A Classification
There are over 5,000 publications concerned with PDT in patients with cancers in different sites. A clinician in a given specialty who considers using PDT for a patient with cancer needs a benchmark that indicates the effectiveness as well as the appropriateness of the treatment for the case under consideration. Such a benchmark can only be provided by review of large numbers of cases reported by experienced clinicians giving the details of techniques. Systematic reviews, with their strict criteria, are considered by some to be the gold standard, but do they fit the purpose? In the real world of clinical practice, the effectiveness and appropriateness of PDT for a given case of cancer does not always, or even often, coincide with systematic review findings. Systematic reviews are more often based on controlled clinical trials and statistical significance rather than the clinical relevance in case series and observational studies or small-scale clinical trials compiled by specialist clinicians engaged in PDT. This fact becomes abundantly clear when one with a background of experience, involvement, and clinical skills looks at some of the published systematic reviews and their conclusions. 24 Some of the existing systematic reviews in PDT have not been able to validate PDT for almost any clinical situation in oncology, despite many thousands of publications concerned with clinical trials, case series, and observational studies performed by experienced clinicians of repute in their specialties. 24, 25 In the face of such a discrepancy, clinicians must carry on with their duty of care and treat patients with PDT when, according to their experience or that of their peers, the treatment can help.
We have reviewed a large number of publications related to the use of PDT in different cancers, empirically but rationally placing them into three league tables according to the following criteria:
• Clinical effectiveness of PDT related to the particular type of cancer as judged by the results portrayed in a publication • Standardization of the methodology of PDT used in a given cancer • Reproducibility of results by different clinicians using an established methodology for the type of cancer under the review • Number of patients and publications for a given cancer in which PDT was used
In reviewing publications for each of the above parameters, we allocated a grade from 1 (þ) to 3 (þþ þ ) points: where 1 (þ) was the lowest, and the 3 (þþ þ þ), the highest.
The aim of this compilation was to see at a glance the current status and relative usage of PDT in a given type of cancer within the overall PDT in oncology.
Results of the Review
Based on the above criteria and parameters, we identified groups of cancer types and based on their scores placed them in three leagues represented in ►Tables 3, 4, and 5.
League I
There are five types of cancers in this league: skin, lung, head and neck, Barrett's esophagus, and esophageal. From a clinical point of view, the methodology is in place for all these cancers, and there is a consensus of "how to do it" agreed upon by specialist physicians and surgeons engaged in practice.
Skin Cancers and Precancerous Lesions
Skin tumors were the subject of initial experiments of PDT in humans. The reasons are principally related to ease of application, notably in the illumination method, feasibility of monitoring progress, and assessing the results.
Many skin cancers are surgically excised, and surgery is still the treatment of choice and an attractive option for patients. However, for those with multiple lesions and/or with tumors in specific locations, such as the face, the alternative use of PDT appears more appealing to many. Also, it is generally agreed that for the immunosuppressed patient (organ transplant recipients, for example), those with a lesion near the orbit, and cases with Gorlin syndrome, PDT has more to offer than surgery. 26, 27 PDT in skin cancers other than melanomas has generated $900 publications, many based on studies within controlled clinical trial protocols, with several books and a few guidelines. 28,29 Photofrin and ALA or its derivative, methyl aminolevulinate, are the main PSs in use in Europe and North America. In other countries, notably China, the equivalent homemade formulation is used. The main skin cancers and procancers for which PDT has received approval in many of countries are:
• Actinic keratosis, with response rates between 75 In many patients, more than one treatment session will be required.
Many of the studies related to PDT in dermatologic cancers have been controlled clinical trials involving ALA or methyl-ALA versus other standard methods; PDT was found to have better all-round results and cosmesis.
In one randomized study of PDT versus surgery, immediate results related to clinical response were equal but there was no recurrence in the surgery group whereas the PDT group had a recurrence rate of $10% at 1-year follow-up. Nevertheless, patient satisfaction and cosmetic results were superior in PDT compared with surgery. 37
Head and Neck
Head and neck cancers are a diverse group of tumors whose management falls within several specialties, notably maxillofacial, otorhinolaryngology, and plastic surgery. Some 550,000 cases of squamous cell carcinoma of the head and neck are globally diagnosed annually with 300,000 deaths. Standard treatment for head and neck cancers is surgery, radiotherapy, and chemotherapy. Nevertheless, there is still a need for a reliable local therapy to fill the gap in the standard methods of therapies for cases of recurrence after surgery, or when chemoradiation may not be indicated or has been used without success. In the early stages of the disease, surgery can confer long survival amounting to cure of the disease, with 5year survival of over 80%. The overall survival is 40 to 50%. 38 PDT has been used extensively in the oral cavity, pharynx, and larynx since the early 1980s. 39 During the past 30 years, many hundreds of patients have been treated in various organs within the anatomical field of the head and neck. Photofrin as well as meso-tetraphenyl chlorine (mTHPC) and ALA have been employed by different investigators in many hundreds of studies. 40 Indications for PDT in these cancers have been classified into:
1. Treatment with curative intent applicable for those with an early cancer 41-43 2. Treatment of locally advanced cases where the aim is to offer patients a better quality of existence within the limited lifespan that they have 44 3. Use as a neoadjuvant therapy and intraoperatively as an aid to a more complete resection 4. Treatment of local recurrence Clinical studies have been conducted using principally Photofrinorm mTHPC (Foscan). The dose and methodology for each of these have been standardized and are well documented in the literature. 45, 46 Lung Cancer Lung cancer claims nearly 1.4 million deaths per year globally, 38 and surgical resection is established as its primary treatment; the long awaited use of surgery for lung cancer materialized in 1933 by Graham and Singer. 47 Over the next 25 years, with a growing understanding of the oncological aspects of lung cancer, a rational attitude of selection of patients was adopted. Although surgery is considered the first modality of treatment, it can only be offered to a minority; at most, 20% of cases have cancer found early enough to offer 70% long-term survival. In effect, at presentation, between 80 and 85% of patients with lung cancer are in an advanced stage of the disease and unsuitable for surgery.
In recent years, apart from radiotherapy and chemotherapy (which are standard treatment), several other therapies, including PDT, have entered into the arena of lung cancer treatment. The objectives of PDT in lung cancer are to achieve one or more of the following: downstage the tumor, effectively acting as a neoadjuvant therapy [48] [49] [50] [51] ; provide a good palliation with added survival benefit in advanced 
Abbreviation: PDT, photodynamic therapy. À ¼ none; Àþ ¼ none or a small number less than 10 publications. 52, 53 ; offer complete response for a long period in early cases [54] [55] [56] [57] ; treat local recurrence. 57 For 70 to 80% of treated patients, PDT confers a significant improvement of exercise tolerance with parallel increase in ventilation, represented by forced vital capacity and forced expiratory volume in 1 second values and elimination of hemoptysis. 58, 59 In cases with early cancer, the aim of treatment is to destruct the cancer at its in situ stage of development, coupled with a long-term complete response and clearance. Review of the literature shows that between 60 and 70% of patient with early (stage 1a) cancer survive 5 years or more.
The discovery of in situ endobronchial cancer and early detection of the local recurrence are greatly assisted by autofluorescence bronchoscopy, which can provide localization of the lesion in cases where the lesion may not be visible by the usual white light bronchoscopy. [60] [61] [62] Over 95% of PDTs in lung cancer are performed bronchoscopically for central-type lung cancer and usually for nonsmall cell lung cancer histology. Bronchoscopic PDT is performed in the usual two steps, that is, systemic presensitization followed by an interval of illumination using the bronchoscope's instrumental channel to accommodate the laser delivery fiber. Bronchoscopic PDT uses Photofrin (porfimer sodium) or equivalent porphyrin-derived formulations.
PDT is also used for peripheral lung cancer, for which there is limited experience. In such cases, the illumination is performed using imaging methods to localize the tumor. 63 An alternative method is to use a thoracoscope to visualize the tumor and place the light delivery fiber under direct vision. 64 
Barrett's Esophagus and Esophageal Cancer
Barrett's esophagus refers to a condition where a variable length of the normal squamous cell mucosa of the lower esophagus, above the esophagogastric junction, is covered by columnar cell mucosa of gastric and/or intestinal-type mucosa (metaplastic mucosa). Such metaplastic mucosa is subject to dysplastic changes, which are graded as high, moderate, and low. There is a general consensus that patients with Barrett's esophagus, particularly those with high-grade dysplasia (HGD), are at risk of developing cancer. The most important issue is the relationship between HGD and adenocarcinoma of the esophagus, which has been debated for almost 25 years with no sign of it abating. Many, including the senior author of this article, believe that some 40% of HGDs are already an early cancer or are found concomitantly with a cancer. [65] [66] [67] There are also issues related to interobserver variation of diagnosis of HGD versus carcinoma in situ, as well as the liability of biopsy samples being representative of the whole metaplastic extent. 68, 69 We and several other surgical teams believe that in patients with long segment (>10 cm) metaplastic mucosa, particularly those with a stricture, surgery should receive serious consideration. [65] [66] [67] Some surgeons and several patients consider that the risk of surgery with its morbidity and mortality is prohibitive to their acceptance of radical operation. In such cases, interventional endoscopy methods are an alternative treatment option. PDT, with its good track record and several hundreds of publications based on clinical trials, occupies a prominent if not the most prominent place among endoscopic methods. Used alone or with other minimally invasive methods, such as endoscopic mucosal resection, PDT has been shown to eliminate Barrett's mucosa, destroy the HGD, and potentially reduce the rate of progression to adenocarcinoma. [70] [71] [72] 
Cancer of the Esophagus
Cancer of the esophagus affects over 450,000 individuals per year worldwide with 400,000 deaths. 73 Over 50% of cases are surgically unresectable at diagnosis, and 80% are oncologically at a stage for which surgery cannot be undertaken with curative intent. Surgery, radiotherapy, and chemotherapy are the standard therapies. For an early stage 1 cancer, surgical resection can achieve a 70 to 75% 5-year or greater survival. 74, 75 McCaughan et al used PDT for cancer of the esophagus in 1983. 76 Since then, PDT has been employed in many thousands of patients for early and locally advanced stages of cancers. PDT is used in esophageal cancer for patients with locally advanced intraluminal tumors. These bulky, locally obstructive tumors cause serious symptoms. The aim of PDT is the relief of dysphagia, amelioration of nutrition, and improvement of quality of life. These objectives are achieved in the majority of PDT-treated cases. [77] [78] [79] [80] PDT is also used in patients with early mucosal tumors unsuitable for surgery. Long-term survival of 5 or more years is achieved in 50 to 60%. 81, 82 League II There are four types of cancer within this league: cholangiocarcinomas, malignant pleural mesotheliomas, brain tumors, and urologic (prostate and bladder) tumors.
Cholangiocarcinoma
Cholangiocarcinoma is attended by distressing symptoms and overall poor outcome irrespective of therapy because of difficulty in diagnosing the condition in an early stage of its development. The natural history of the disease is a gradual deterioration of liver function and death by hepatic failure or cholangitis caused by biliary obstruction.
Surgery is the treatment of choice in early stages of the disease and can be accompanied by long survival or cure in 20 to 30% of cases. 83 Chemoradiation is used as an adjunct to surgery.
In 1991, McCaughan et al advocated the use of PDT for the extrahepatic biliary system, 84 and in 1998 Ortner et al published the first series of nine patients showing that PDT was effective in restoring biliary drainage and improving quality of life in patients with nonresectable cholangiocarcinomas who had previous insertion of stent. 85 Since then, several studies have been conducted, all based on the use of a plastic or metal stent in combination with PDT. In clinical trials, different authors have shown better quality of life and longer survival of patients who received PDT combined with stent versus those having stent alone. [86] [87] [88] [89] Photofrin (porfimer sodium) has been used by the majority of investigators. However, meso-tetra-hydroxyphenyl chlorine (Foscan) has also been employed. 88 The Surgery Journal Vol. 
Malignant Pleural Mesothelioma
Malignant pleural mesothelioma is a tumor that affects the pleural membrane of the lung. It grows slowly but relentlessly to encase the lung with a rigid crust of cancer, restricting pulmonary ventilation leading to respiratory failure and death. Surgery, in one form or another, is an ingredient of treatment. In its simplest form, surgery provides drainage of fluid (pleural effusion). Its most complex format is the operation known as extrapleural pneumonectomy within a chemoradiation protocol of a trimodality treatment, 90, 91 which has high mortality and morbidity but a better survival outcome. An alternative to extensive extrapleural pneumonectomy is the lung-sparing surgery of radical pleurectomy with adjuvant radiotherapy with or without chemotherapy with cytoreductive operation (decortication) added as local therapy. 92 PDT in malignant pleural mesothelioma has been tried since the early 1990s and is still facing several challenges such as finding a suitable PS and an optimal method of illumination within the thoracic cavity and light dosimetry. 93 Review of the literature indicates 13 clinical publications concerned with a total of 298 patients. 94 The main PS used for malignant pleural mesothelioma is Photofrin (porfimer sodium). In recent years, radical pleurectomy combined with intracavitary Photofrin PDT has shown encouraging results. 95 
Brain Tumors
Brain tumors are rare, with an incidence of $6/100,000 persons, and are responsible for 3% of all cancer deaths. 38 Without treatment, the survival averages < 40 weeks; with surgery and chemoradiation, there is improvement to about 52 weeks. 96 PDT for brain tumors started in the1980s, 97 and despite considerable preclinical and clinical research, many challenges remain due to the histologic differences and patterns of infiltration of neoplastic cells within the mass of normal cells; lack of a PS, which is endowed with specific ability to localize in the tumor; and lack of appropriate light and delivery devices suitable for brain tissue, which also match the absorption band of the specific PS.
Some of these issues are currently subject to investigation. [98] [99] [100] [101] [102] Current clinical practice and research are focused on optimization of light and PS characteristics and dose parameters, 101,102 use of PDT as an adjunct to surgery and/ or radiotherapy to mop up residual tumor and treat recurrent lesions, 103 use of PDT associated with/or in combination with surgery, and fluorescence diagnosis and fluorescence-guided surgery using the principle of PDR. [104] [105] [106] 
Urologic Cancer
Prostate Cancer Surgery, radiotherapy, and external beam radiotherapy or brachytherapy schedule, chemotherapy, and hormones are the standard primary treatments for prostate cancer. They are used individually, in concert, or in sequence depending on several factors including tumor characteristics, age, lifestyle, and patient choice. 107 Patient participation in decision making is particularly important in prostate cancer, because some of the treatments may result in unwanted effects such as incontinence and erectile dysfunction not compatible with the patient's expectation of posttreatment quality of life. These factors are relevant in relation to the emergence of several focal therapy methods. [107] [108] [109] PDT, as one of several focal therapies, has the distinct advantage in being cancerspecific and target-oriented. Many of the focal therapy methods rely on image guidance and operate on the basic principle of indiscriminate destruction of the image of the tumor and the visual impression of the lesion. 110 Although PDT does need image-guided localization for illumination, it has an additional inherent guidance mechanism that is wavelengthspecific to seek, find, and destroy the cancer. Some issues, however, have adversely affected the move from preclinical advances to the clinical practice of PDT for prostate cancer, namely appropriate PS, suitable light and its delivery device, and assessing the result of therapy. These require coordinated preclinical and clinical research.
At a clinical level, three types of PS have been explored and investigated in pilot and phase I and II trials: mTHPC/ Foscan, 111,112 motexafin lutetium, 113 and vascular-targeted PS, TOOKAD. 114, 115 TOOKAD is currently the focus of attention and continuing clinical trials in several centers. Preliminary results are encouraging both in respect to localization of the PS in the prostate gland, its short administration-illumination interval, and the lack of skin photosensitivity reaction.
Bladder Cancer
The "niche" indication of PDT in bladder cancer is superficial transitional cell cancer (TCC) and carcinoma in situ (CIS) and began with the use of HPD in the 1980s. 116 The use of Photofrin was then followed for patients with widespread refractory TCCs and CISs. 117, 118 With the availability of the ALA prodrug, the topical intravesical method was employed for whole (inner) bladder PDT in patients with widespread bladder TCC and CIS, thus avoiding the inconvenience of systemic photosensitization. 119 The response rates for systemic and topical methods were similar, with 50 to 60% complete response for a duration of $3 years. In recent years, the diagnosis of TCC and CIS has been potentiated by the use of photodiagnosis using ALA-(or its derivatives) assisted fluorescence cystoscopy. 120
League III
There are four cancers in this league: gynecologic cancers, breast cancer, cancer of the pancreas, and intraperitoneal cancers.
Gynecologic Cancers
Cervical Intraepithelial Neoplasia Cervical cancer is the second most common cancer in women and cervical intraepithelial neoplasia is its precursor. The condition is directly related to some types of human papilloma virus infection; therefore, the assessment of any method of therapy should consider the effect on elimination of the virus as well. Standard therapies for cervical intraepithelial neoplasia are cold knife conization, loop electrosurgery, thermal laser, and cryotherapy. Short term, these treatments
The Surgery Journal Vol. 1 No. 1/2015 are satisfactory but have inconveniences such as pain, postoperative bleeding, and sequelae including stricture, cervical insufficiency, infertility, and difficulty of natural delivery. PDT has been used as an alternative treatment. Photofrin and topical ALA and its derivative hexaminolevulinate have been used successfully by several clinicians with favorable results. [121] [122] [123] PDT results at short term are comparable with cold knife conization (91 and 100%, respectively). Similar results are obtained in relation to human papillomavirus clearance. However, PDT is not attended by the complications and the sequelae of conization and other standard treatments, and it can be repeated.
Vulvar Intraepithelial Neoplasia
Vulvar intraepithelial neoplasia is a precancerous skin lesion of the vulva and is attended by symptoms of discomfort, local irritation, pruritus, and interference with sexual function. Standard treatments are thermal (CO 2 ) laser and application of 5-fluouracil and/or imiquimod (imunoresponse modifier). The treatment of vulvar intraepithelial neoplasia with PDT is currently being investigated, and topical ALA PDT is the most frequently used method. Improvement with relief of symptoms is reported in nearly 90% of patients, [124] [125] [126] but recurrence rates are as high as 90%, which means repeat treatment will be required. 124 After multiple sessions, ALA PDT can achieve long-term results lasting several months and years in some 60% of patients. Although other systemic PSs have been used in a small number of patients, 127 the results are not consistent or sufficiently reproducible and there is the inconvenience of skin photosensitivity.
Ovarian Cancer
The standard treatment for many ovarian cancers is maximal cytoreductive surgery and chemotherapy. Fluorescence ALA visualization techniques (photodiagnosis) is helpful in the staging as well as in monitoring the effects of laparoscopic treatment. 128 The method can also detect disseminated microfoci during surgery. The effectiveness of PDT with Photofrin and ALA in treating ovarian cancer has been evaluated in two studies. 129, 130 These were focused, however, more of the nature of feasibility rather than for evaluation of efficacy.
Breast Cancer
Despite a considerable amount of laboratory preclinical ex vivo and in vivo animal work, PDT in breast cancer has not moved to the clinical arena. The search for an appropriate PS, its matching light, and optimal methodology goes on. There are, nevertheless, some pilot studies on chest wall recurrence of breast cancer. [131] [132] [133] [134] In such cases, it is important to assess the extent of the lesion both in surface area and the depth of invasion. It is also necessary to take into account previous radiotherapy and make appropriate provision for the skin resurfacing of the area necrosed by PDT. The clinical work at this time is in the domain of experimentation and salvage.
Pancreatic Cancer
Some 20% of patients with adenocarcinoma, the main pancreatic cancer cell type, may be diagnosed at an early stage.
Surgery has a potential 25 to 30% 5-year survival. 135 The other 80% of patients have either metastases or locally advanced inoperable disease at presentation. Theoretically, PDT can debulk large locally advanced tumors and eradicate smaller ones. Most of the current knowledge is derived from laboratory and experimental in vivo animal work. A handful of patients treated within experimental protocols convey useful practical information. However, there are several challenges in applying PDT to pancreatic cancer. These include appropriate PS, light parameters, and method of access for illumination and the appropriate devices.
Considerable laboratory and preclinical studies are needed to align the required parameters. In two studies in a small number of patients, the PS was verteporfin and percutaneous computed tomography or endoscopic ultrasonography provided access for illumination. 136, 137 
Intra-abdominal Photodynamic Therapy
The abdominal cavity accommodates many organs and structures, each of which can be the seat of a malignant tumor. The geometry of the abdominal cavity and its peritoneal lining is such that many neoplasms will be disseminated transcoelomically to other organs. Production of fluid (effusion) as exudate or transudate will also assist the malignant cell to navigate and disseminate through the abdominal cavity. In many such circumstances, PDT can theoretically assist surgery in the process of debulking as well as destruction of macro-and microfoci. Initial feasibility work has been performed in the 1990s. 138 However, numerous issues require preclinical work, some of which are in progress at the present.
The tools of PDT for such a venture are the development of a PS with specific targeting capabilities and high ratio of localization in the tumor as compared with normal structures and the design of devices to uniformly distribute light to the outer layer of the organs without deep structural damage to healthy tissues. Recent developments in nanotechnology and advances in the manufacturing of optical fabrics are two areas that will assist progress in this domain. [139] [140] [141] [142] Morbidity and Mortality of Photodynamic Therapy PDT-related mortality is extremely rare and usually follows an accidental overzealous illumination or lack of appreciation of the anatomical or pathologic area of the treated target. The morbidity of PDT should be considered for systemic and topical PDT separately.
Systemic PDT
The commonest unwanted effect of systemic PDT is the photosensitivity skin reaction, which in one review was reported to occur in 4 to 28% of cases. 143 However, the rate is variable and depends on the type of PS, the experience of the PDT team, and the number of procedures undertaken by a team. Inflammation/ulceration at the site of IV administration due to extravasation of the PS is rare to nonexistent in expert hands. Hemorrhage in the case of infiltration by tumor of a blood vessel wall followed by PDT necrotic erosion is occasionally reported, which is more a matter of accident or miscalculated light dose. Perforation of a tubular structure
The Surgery Journal Vol. 1 No. 1/2015 or a body cavity due to overdosed illumination is also rare (less than 2%). Stricture of tubular organs due to scarring can occur in 6% of esophageal cases but usually yields with dilatation.
Complications in specific sites include hemorrhage in vascular lesions, respiratory complications in tracheobronchial PDT, and pain in upper gastrointestinal PDT.
Topical PDT
Pain is the commonest complication of topical PDT and is much more prominent when ALA is used in skin conditions affecting external genitalia (for example, vulvar intraepithelial neoplasia). There are various ways to reduce the intensity of pain but in some extensive lesions, local or even general anesthetic may have to be considered. Ulceration, followed by scarring, can occur in some cases. Rarely, infection can occur in an ulcerating wound.
On the whole, most of the complications of PDT are avoidable and preventable. Complications in specific sites require the attention of an appropriate specialist related to the site.
Conclusion
The science of PDT has been around for over 100 years, and its clinical practice for cancer treatment has been in existence at least for 35 years. During the past 20 years, the science of PDT has taken a giant leap, far outstripping clinical application. It is unfortunate that PDT's clinical progress has not been as dramatic as its science. Much of the science of PDT in biology, photobiology, and chemistry departments of universities across the world is in fact a continuation of PDR, and it is unrealistic to consider that more than a few will ever reach clinical practice.
Clinical PDT initially began by following the footprints established through earlier laboratory and experimental work. Serious clinical studies in the 1980s were undertaken in common cancers, particularly those that most frequently occur, and in cases in which the illumination was technically easily performed. This fact is reflected in the current review, which places them in PDT league I. The methodology of PDT in all of the cancers in this league is well established and well tried and tested.
PDT in many of the cancers of leagues II and III is shown to be safe and effective in achieving its objective. However, the methodology and consistency of results require more work to increase their use.
What does PDT offer the surgeon?
• PDT is a safe and effective cancer modality treatment whose technique can easily be mastered by a specialist surgeon. • In several cancers, PDT can be undertaken by endoscopic methods and is a routine undertaking for many surgeons.
In the event of any complications, surgeons, by reason of training, are in a position to deal with the complications effectively. • In patients with precancerous lesions, where surgery might involve a prohibitively risky undertaking, PDT can be an option and achieve long-lasting clearance.
• In patients with an early localized cancer, PDT can achieve long-term complete clearance amounting to a cure. Examples of these are presented throughout this review. • In patients with locally advanced disease with symptoms related to the volume of the tumor, PDT can be used for palliation and in some cases can confer a survival benefit. • PDT can be used together with other standard treatments including surgery. • Fluorescence imaging, which is part and parcel of PDR, can assist the surgeon to pick up residual tumor or to outline neoplastic infiltration at the margin of resection, thus ensuring a complete excision.
Based on this review and upon personal experience, we believe that future progress in clinical PDT must consider it within the multimodal cancer treatment methods and not as a monotherapy, which thus far has mostly been the case.
The medical profession has not been very welcoming in recent years in acknowledging the usefulness of PDT, partially because of financial constraints. By including PDT within a multimodality setting, we believe it will be easier to develop protocols of studies/clinical trials to the benefit of many cancer patients. 
